ORIGINAL ARTICLE PURPOSE We aimed to evaluate the effectiveness of diffusion-weighted magnetic resonance imaging (DW-MRI) and apparent diffusion coefficient (ADC) values in the diagnosis of acute appendicitis and differentiation of perforated and nonperforated appendicitis cases, with histopathologic correlation.
. The mean ADC values of case and control groups, as well as in perforated and nonperforated groups were compared.
RESULTS
Of the 60 cases, 44 had a radiological diagnosis of acute appendicitis, and 16 were regarded as normal. Of the 40 patients who underwent surgical operation, 12 had a histopathological diagnosis of perforated appendicitis, and 28 had nonperforated appendicitis. Mean ADC value in patients with acute appendicitis (1.01±0.26×10 -3 mm 2 /s) was lower than the control group (1.85±0.13×10 -3 mm 2 /s) (P < 0.001). Mean ADC value of the perforated group (0.79±0.19×10 -3 mm 2 /s) was lower than the nonperforated group (1.11±0.22×10 -3 mm 2 /s) (P < 0.001). The sensitivity, specificity, positive predictive value, negative predictive value, and accuracy rate of DW-MRI in the diagnosis of acute appendicitis were 97.5%, 100%, 97.5%, 100%, and 98.1%, respectively. CONCLUSION DW-MRI and ADC quantification are effective in the diagnosis of acute appendicitis, both in perforated and nonperforated cases.
M
agnetic resonance imaging (MRI) is the radiological imaging technique offering the highest soft tissue contrast resolution. Currently, in addition to conventional MRI, other MRI techniques are commonly and routinely used, including diffusion-weighted MRI (DW-MRI). DW-MRI is a functional imaging technique that relies on the measurement of the accelerated or slowed microscopic diffusion movements of protons of water molecules. The images are obtained in short interval times and without the requirement for any contrast medium (1) .
Recently, studies have reported the use of DW-MRI to show active inflammatory lesions in the bowel. In these reports, the mean apparent diffusion coefficient (ADC) of the inflamed bowel segments were compared with the ADC of normal segments, and statistically significant difference was demonstrated (1, 2) . Only one study has been investigated the use of DW-MRI for the diagnosis of patients with acute appendicitis (3). However, this study did not focus on the differential diagnosis of perforated and nonperforated appendicitis cases.
The aim of this study was to evaluate the effectiveness of DW-MRI and quantitative measurement of ADC values in the diagnosis of acute appendicitis, and in the differentiation between perforated and nonperforated appendicitis cases, with histopathologic correlation.
Materials and methods

Patient selection
This prospective study was performed between March 2009 and February 2010. Sixty consecutive patients (34 males, 26 females; mean age, 35.6±15.5 years; age range, 17-83 years) having right lower abdominal pain with a clinically suspected diagnosis of acute appendicitis were included in the study. Twenty individuals (nine females, 11 males; mean age, 37.7±15.8 years; range, 18-73 years) who underwent abdominal MRI examination for reasons other than suspected appendicitis constituted the control group.
Approval by the ethics committee and informed consent from all patients were obtained for the study.
Imaging
Abdominal MRI examinations of the study and control groups were performed with Magnetom Symphony 1.5 Tesla (Siemens AG Medical Solutions, Erlangen, Germany) using body coil. The gradient force of the superconductive (niobium-titanium) magnet was 30 mT/m, and the maximum field-of-view (FOV) width was 400 mm.
Before the single shot echo-planar DW-MRI examination of the 80 patients constituting the study and control groups, a T2-weighted Truefast imaging with steady state precession (True-FISP) sequence in the 
Image analysis
Once obtained, the TIRM, True-FISP, and DW-MRI sequences were transferred to an independent workstation (Leonardo Syngo 2002B, Siemens AG Medical Solutions) to evaluate the DW-MRI data and remodel the ADC maps. One radiologist assessed the data. The DW-MRI examinations were evaluated, and the mean ADC values were calculated from ADC maps.
The patient was diagnosed as acute appendicitis if the appendix lumen displayed a high signal on DW-MRI and a low signal on ADC map. Using axial and coronal TIRM and True-FISP images as references, the most hyperintense area of the inflamed appendix on DW-MRI was determined, and a region of interest (ROI) was placed at the same localization on the ADC map. ROI areas were defined between 9 and 25 mm 2 according to the application area. For each patient, three measurements were performed at the lesion area and the mean ADC values were calculated. The b value was 800 s/mm 2 , and the inflamed appendices were hyperintense on DW-MRI compared to the cecum, and hypointense on ADC maps.
As it was not possible to define precise appendix localization on DW-MRI for the control group, the ADC measurements were obtained from cecum using free hand ROI over 3 to 6 mm 2 . All ADC measurements in patient and control groups were calculated by the same observer.
Statistical analysis
The defining statistics related to the characteristics of interest were expressed as mean, median, standard deviation, and minimum and maximum values. In order to determine the difference between the ADC values of the appendicitis group and the control group, an independent sample t test was used. In order to evaluate any differences among the ADC values of the patients with appendicitis, without appendicitis, and in the control group, a one-way analysis of variance (ANO-VA) was administered. A chi-square test was used for comparison between the mean ADC values of the perforated and nonperforated appendicitis subgroups. The significance level used was P < 0.05, and calculations were performed using a commercially available software (Statistical Package for Social Sciences, version 13.0, SPSS Inc., Chicago, Illinois, USA).
In addition, the sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and accuracy rate of DW-MRI in the diagnosis of appendicitis were determined.
Results
Of the 60 patients, 39 who were diagnosed to have appendicitis based on DW-MRI (Figs. 1-4 ) and one patient having strong clinical suspicion of appendicitis despite any DW-MRI finding (23 males, 17 females; mean age, 33.6±16.2 years; range, 17-83 years) underwent surgical operation. The histopathological diagnosis in these patients was appendicitis. The five patients who were diagnosed with appendicitis based on DW-MRI but did not accept surgical operation were excluded from the study. Unfortunately, the clinical course of these five patients could not be followed-up. Fifteen patients not diagnosed with appendicitis on DW-MRI did not under- /s), respectively (P < 0.001).
The sensitivity, specificity, NPV, PPV, and accuracy rate of DW-MRI in the diagnosis of appendicitis were found to be 97.5%, 100%, 93.75%, 100%, and 98.18%, respectively.
On receiver operator characteristics (ROC) curve analysis based on ADC, the cut-off value for the diagnosis of appendicitis was 1.54×10 -3 mm 2 /s, with a sensitivity and specificity of 100%. The cut-off value for the differential diagnosis of perforated and nonperforated appendicitis was 0.98×10 -3 mm 2 /s, with a sensitivity of 77.8% and specificity of 91.7% (Fig. 5) .
Discussion
Computed tomography (CT) is currently used for the differential diagnosis of acute abdomen such as appendicitis (4), especially in patients with inconclusive ultrasonography (US) findings. MRI can be used for pregnant women or children in whom CT is contraindicated when radiation must be avoided. T1-and T2-weighted turbo spin echo sequences and inversion recovery turbo spin echo sequence as much as T1-weighed sequences can be used with MRI (5, 6). In a comparative study, ‹ncesu et al. (7) applied abdominal MRI and US to 60 patients potentially suffering from appendicitis, and a higher performance of MRI technique was statistically demonstrated. DW-MRI is a feasible and applicable imaging modality under emergency settings, owing to its short acquisition time, and lack of need for contrast material administration.
DW-MRI has several technical limitations; for example, respiratory, cardiac or peristaltic physiological movements can decrease the quality of the images due to the sensitivity of this technique to movement, thus impairing the examination. Because of this limitation, DW-MRI was previously only used for brain imaging until the development of fast MRI techniques. The development of echo planar imaging (EPI), one of the fast MRI techniques, eliminated the long imaging time of conventional sequences and the associated artifacts, thus making DW-MRI usable for abdominal examinations (8) (9) (10) (11) .
The studies on diffusion in the abdomen were performed using ultrafast sequences, allowing data to be obtained in one breath. This decreased the number of artifacts due to respiration, arterial beating, and bowel movements, further decreasing the signal-noise ratio. These ultrafast sequences were EPI sequences that collected data in approximately 30-60 ms. Thus, artifacts associated with macroscopic physiological movements could be eliminated (8-11) . The studies on abdominal diffusion mostly consist of single shot EPI (SSEPI). With this technique, images are obtained in a time period shorter than one second, so physiological movements are frozen. By the addition of a breath-hold to EPI, respiratory artifacts are prevented, and ADC measurements can then be performed in the abdomen (10) . We also used the SSEPI technique in our study and did not include the breath-hold during DW-MRI, allowing for the possibility to analyze elderly and obese patients who may have difficulty with breath holding. We did not observe any artifacts associated with respiratory movement, vessel beat, or bowel movement in the DW-MRI of our patients.
ADC is a quantitative parameter calculated from DW-MRI images and an indicator of the combined effect of water diffusion and capillary perfusion in extracellular and extravascular space (11) .
Selecting the specific b value to use during DW-MRI is crucial. If the b value is 400 s/mm 2 or less, the images obtained are not only affected by water molecule diffusion but also by blood microcirculation and the associated perfusion in tissue capillaries. Thus, by specifying a low b value, the perfusion effects on ADC value will be higher. In this case, called pseudo-diffusion, the ADC value will be higher than in normal tissue because of capillary perfusion (8-10). Ichikawa et al. (12) used low b values, such as 1, 6, 16, and 55 mm²/s, which led to high ADC values for abdominal organs. As mentioned in their study, in selecting low b values, factors such as perfusion and T2-weighted shine-through had more of an impact on the ADC measurements. Thus, the authors stated that b values over 400 mm²/s would be more appropriate to determine ADC values in abdominal diffusion studies. In our study, we used b values of 50, 400, and 800 mm²/s, which allowed us to obtain sufficient imaging quality on DW-MRI.
In our study, while no hyperintense signal was observed on DW-MRI, one patient with strong clinical suspicion for appendicitis underwent surgical operation, and the histopathological diagnosis was nonperforated appendicitis. In this patient, the mean ADC value obtained from cecum was 1.68×10 -3 mm 2 /s, which was higher than the cut-off value of 1545×10 -3 mm 2 /s defined for the distinction of appendicitis on ROC curve analysis. This case constituted the false negative data of our study. There was no reasonable explanation for the absence of high signal on DW-MRI in this patient. In the present study, all the appendicitis cases except one were easily discernible with a hyperintense signal on DW-MRI and hypointense signal on ADC maps. Increased cell volume on the inflamed appendix wall with the lumen filled with purulent material, which has a high viscosity and cellularity, might be the cause of restriction in diffusion in appendicitis cases. Very low ADC accounts for signal hyperintensity on DW-MRI and signal hypointensity on ADC maps (13) . In our study, the mean ADC values of the perforated cases were significantly lower than the nonperforated cases, and we speculate that this may be related to the degree of the inflammatory process.
Up to date, only one study has used DW-MRI and ADC measurements in appendicitis cases. The study by ‹nci et al. (3) on 119 appendicitis and 50 control cases reported a mean ADC value of 2.02±0.19×10 -3 mm 2 /s in the control group and a significantly lower ADC of 1.28±0.18×10 -3 mm 2 /s in the inflamed appendix group. The results in our study are consistent with these results, and further demonstrate a statistically significant cut-off ADC value for the differentiation of perforated and nonperforated appendicitis cases.
In segments without active inflammation, high intensity signals were obtained using DW-MRI in large bowel, thus decreasing the specificity. In parallel, the ADC value in large bowel was lower than in small bowel. Increased DW-MRI signal intensity and decreased ADC value in inactive segments of colon could be partly due to the bowel content (1) .
When ADC values are considered, our results are similar to those of ‹nci et al. (2) . These results suggest that DW-MRI may be more effective in the diagnosis of appendicitis compared to its ability to display inflammatory areas in Crohn's disease.
In many studies, the inverse proportionality between diagnostic certitude and appendix perforation has been demonstrated (1, 7). While mortality is low for nonperforated appendicitis (0.1%), it can reach 3% in perforated appendicitis (7) . The ADC value can be used for the discrimination between perforated and nonperforated appendicitis. In our study, from the ROC curve analysis performed to discriminate between perforated and nonperforated groups, the ADC cut-off value was 0.98×10 -3 mm 2 /s, with a sensitivity of 77.8% and specificity of 91.7%.
There were a few limitations in our study. First, the ADC measurements were operator dependent, and obtained from the cecal wall in the control group. Only one case underwent operation among the patients with negative DW-MRI findings. Further, DW-MRI was not compared with other MRI sequences, such as post-gadolinium T1-weighted images. Lack of interobserver variability should also be indicated as a limitation of our study. The cost-effectiveness of the method should be evaluated with further studies combining US and CT examinations.
In conclusion, DW-MRI is a noninvasive, fast imaging technique that does not require contrast medium or involve ionizing radiation. DW-MRI shows high sensitivity and specificity in the diagnosis of appendicitis, and ADC values can be useful in the differentiation of perforated and nonperforated appendicitis. We suggest the use of DW-MRI in routine practice for the evaluation of patients with suspected appendicitis.
